A novel anticorrosion material, copper/linear low density polyethylene (Cu/LLDPE) nanocomposites, was prepared via melt-blend technique. X-ray diffraction (XRD), scanning electron microscope (SEM), energy-dispersive spectrometer (EDS), salt spray test, thermogravimetric analysis (TG), mechanical properties test and bactericidal properties test were employed to character the resultant nanocomposites. The results of XRD and SEM showed that the nanocomposites were a hybrid of the polymer and the copper nanoparticles, and the copper nanoparticles were distributed uniformly in general. The results of salt spay test showed that nano-Cu in LLDPE could react with permeated oxygen, leading to the improvement of anticorrosion properties of the Cu/LLDPE nanocomposites. The results of mechanical properties test and TG analysis indicated that the presence of a small amount of nano-Cu (no more than 5 mass%) could enhance the mechanical properties and thermal stability of the nanocomposites and excessive nano-Cu would cause performance degradation. The bactericidal properties evaluation showed that the bactericidal ability of the Cu/LLDPE nanocomposites increased with nano-Cu content remarkably.
Introduction
Anticorrosion packaging of metal products has become an important conduit of maritime transportation because of aggressive marine atmosphere. Several methods have been developed, such as antirust oil seal, 1) vapor phase corrosion inhibitor (VCI), 2, 3) dryness packaging, etc. Although a similar nitrite-based chemistry is still widely used as VCI today, 4) there is an environmentally sound, and safer alternative.
Recently, a novel packaging material, called static intercept material, which consisted of polymers and copper metal oxide, was reported by John P. Franey and Dawn-Marie Sutton. Copper metal oxide in the packaging material could react with corrosive acid gases, such as H 2 S and HCl, so this packaging material could provide efficient corrosion protection from atmospheric corrosive acid gases and do no harm to environment and human. 5) However, such material did not display a perfect performance in salt spray test and limited its application in maritime anticorrosion packaging.
As known, Cu is easily oxidized to copper metal oxide in humid air. If Cu powder is indirectly composed with polymers instead of copper metal oxide, Cu powder in packaging material may react with permeated humid air and protect the packed products from corrosion. And the oxidation products of Cu in polymers may have similar antiacid gases properties as static intercept material. Moreover, the nano-scaled Cu powders will greatly improve the reaction activity of Cu in packing material. However, researches on packing applications of nano-Cu/polymer nanocomposite are very rare.
In the study, nano-Cu powders were employed to prepare Cu/LLDPE nanocomposites. Salt spray test was carried out to evaluate the anticorrosion behavior in simulated ocean environment. XRD and EDS were used to analyze the possible anticorrosion mechanism of resultant nanocomposites. Thermogravimetric analysis, mechanical properties test and bactericidal properties evaluation were also employed to character the prepared nanocomposites.
Experimental

Preparation of nano-Cu
Ultrafine copper oxide (mean diameter of 60 nm), absolute ethanol and sulphuric acid are analytical pure reagents (AR) and purchased from the Shanghai Chemical Regents Company. LLDPE is provided from Jilin Petrochemical. Compatilizer (maleic anhydride grafted linear low density polyethylene) and antioxidant (n-Octadecyl--(4-hydroxy-3,5-ditert-butyl-phenyl)-propionate) are obtained from Nanjing Deba Chemical. All chemicals are used as received without further purification.
In a typical procedure of preparing nano-Cu, 20 g ultrafine CuO powder was calcined at 600 C for 3 min. The moment of CuO powder was taken from Muffle furnace, it was carefully spread into 200 cm 3 absolute ethanol. CuO powder underwent the following reaction:
The mixture was filtered and immersed in 3 mol/L H 2 SO 4 solution for 2 h. And then the red product was filtered, rinsed with absolute ethanol and dried under vacuum at 50 C.
Preparation of Cu/LLDPE nanocomposites
The specimens of Cu/LLDPE nanocomposites containing 5, 15, and 30 mass% nano-Cu were prepared, respectively, by mixing LLDPE, nano-Cu, compatilizer (5 mass%) and antioxidant (1 mass%) in an internal mixer (Education Apparatus Co., Changchun, China) at 170 C for 30 min at screw speed of 50 rpm. The total quantity of LLDPE, nano-Cu, compatil-izer and antioxidant added into the internal mixer was 40 g. The specimens of Cu/LLDPE nanocomposite containing 5, 15, and 30 mass% nano-Cu were denoted hereafter as CL-5, CL-15 and CL-30, respectively. For comparison, pure LLDPE was prepared in the same way, and denoted as LLDPE.
Measurement
The morphology of initial material CuO, prepared nanoCu and Cu/LLDPE nanocomposite were observed on a Quanta200 environmental scanning electron microscope equipped with EDS elemental composition analyzer.
The salt spray test, which could simulate ocean environment was performed at a YW/R-150 salt mist corrosion testing box (Tianjin, China) according to ASTM B-117 (natural salt spray test) with the following conditions: the NaCl concentration of the sprayed solution was 50 g/l with the pH between 6.5 and 7.2, the temperature remained at 35 C. Prepared nanocomposites and LLDPE were pressed into thin film with the thickness about 0.1 mm at an X-20 heat former machine (Education Apparatus Co., Changchun, China). The film was made into small bags with the size of 40 Â 40 mm 2 . Then, clean round iron (Q195 steel) coupons were sealed in the prepared bags. These bags were hung inside the testing box using plastic strings in a free standing mode to ensure that both sides of the bags got sprayed uniformly. After 168 h test duration, the samples were taken out from the chamber and the corrosion surface of the iron coupons was analyzed to evaluate the corrosion degree. In order to quantify the corrosion degree, corrosion rate of coupons was used as a reference. Here, corrosion rate was defined as a ratio between the area of rust on the coupons and the entire area of the coupons. The corrosion rate of coupons was obtained by calculating the pixel proportion of the rust in each photograph using Photoshop software. For comparison, US Daubert Cromwell VCI film and US Static Intercept film was also tested by salt spray test. The thickness of US Daubert Cromwell VCI film and US Static Intercept film was 0.08 mm and 0.1 mm, respectively.
XRD study of nano-Cu and nanocomposites was performed on an X' Pert PRO diffractometer with Cu K radiation (0.15418 nm) at 50 kV and 250 mA. In order to study the anticorrosion mechanism of nano-Cu particles in LLDPE matrix, the distribution of corrosion product of nanoCu in CL-15 film after slat spray test was analyzed using XRD internal standard method. This method was based on the proportional relation between relative intensity and phase concentration. 7) Here, I=I 0 was defined as the relative intensity of corrosion product of nano-Cu, where I and I 0 represented the intensity of the strongest peak of corrosion product of nano-Cu and LLDPE phase, respectively. The outer surface of CL-15 film was abraded on emery paper of 1200 meshes. The depth of abrasion was obtained by calculating the difference of thickness between the original CL-15 film and the CL-15 film after abrasion for each trial. The phases on the new exposed surface of CL-15 film after abrasion were analyzed under identical diffraction conditions. So the relative intensity of corrosion product of nanoCu was obtained from the XRD patterns of CL-15 film at different depth of abrasion.
TG was carried on a WCT-2C thermoanalyzer (Optics Apparatus Co., Beijing, China). The samples were heated from ambient lab temperature (about 25 C) to 800 C at a rate of 15 C/min under natural air atmosphere and Al 2 O 3 as the inert reference.
The mechanical properties of the nanocomposites were evaluated by the tensile test and tear test at room temperature. Samples were cut to dumbbell shape according to ISO/R 527-1966E. The thickness of each sample was measured at six different points with a micrometer and the average was taken. Samples were then drawn with a Universal Testing Machine (AG-IS, Shimadzu) at a stretching speed of 20 mm/min. The results presented were the mean values of six independent measurements.
The bactericidal properties of Cu/LLDPE nanocomposites were evaluated using bacteria ATCC 25923 Staphylococcus aureus (S. aureus.) based on JIS Z2801:2000 standard. The Cu/LLDPE nanocomposites were pressed into thin films and placed on a tray and then incubated with a calibrated bacterial suspension of S. aureus. The samples were then incubated at 37 C for 8 h. After incubation, the antibacterial rate was calculated according to eq. (2) to evaluate the bactericidal effect:
where N 0 and N are the number of viable bacteria on a reference sample and Cu/LLDPE thin films after antibacterial tests, respectively.
Results and Discussion
3.1 Characterization of prepared nano-Cu and nanocomposites The XRD patterns of prepared nano-Cu, LLDPE and CL-15 are illustrated in Fig. 1 . It can be seen that the peaks in Fig. 1(a) correspond to pure Cu and no impurity is detected by XRD, indicating a quite pure product. And EDS analysis (Fig. 2 ) also shows that the product is composed of only copper. The XRD result indicates that no new phase has been found in the Cu/LLDPE nanocomposite and the composite is a simple mixture of the LLDPE and the nano-Cu particles.
The SEM photographs of initial material CuO, prepared nano-Cu and CL-15 are shown in Fig. 3 . As shown in Fig. 3(a), (b) , the morphologies of CuO and nano-Cu are similar on the whole, but the shape of nano-Cu is close to spherical shape. The size of nano-Cu particles is about 100 nm and the aggregation of nano-Cu might be formed because of their high surface energy caused by the size effect of nano-Cu. In Fig. 3(c) , one can see that the nano-Cu particles and a small amount of aggregates are distributed uniformly in the LLDPE matrix. These results are consistent with literature. Figure 4 shows the photographs of iron coupon without and with a certain treatment. As iron can not withstand the aggressive salt spray corrosion, the bare iron coupon in testing box is badly corroded as shown in Fig. 4(b) and the corrosion rate is 100%. The corrosion rate of iron coupon packed with LLDPE bag has decreased to 23.0%. However, visible rust still appears on the surface of iron coupon. The introduction of nano-Cu into LLDPE has significantly improved the anticorrosion properties of this polymer. Only a few pitting appears on the surface of iron coupons packed with Cu/LLDPE nanocomposites. As shown in Fig. 4(d) , (e), (f), the corrosion rate is no more than 1%. Among them, the corrosion protection effect of CL-15 with corrosion rate of 0.2% is comparable with US Daubert Cromwell VCI film and better than US Static Intercept film.
8)
Salt spray test
It is well established that the corrosion of steel in the presence of oxygen and water consists of two overall electrode reactions:
Especially, electrolytes containing chloride ion could greatly accelerate the corrosion rate of steel. 9) So the bare iron coupon in testing box is badly corroded as shown in Fig. 4(b) . As the packaging of LLDPE bag has cut off the iron coupon from direct contact with salt spray, the corrosion degree of iron coupon packed with LLDPE bag has decreased. However, the organic packaging is not impermeable, widespread defects will create much small pathways for the corrosive species such as O 2 and H 2 O to reach packaged products, and localized corrosion will occur. 10 ,11) EDS analysis shows that Cl signal is existent in the spectrum of the rust on iron coupon exposed in salt spray (Fig. 5(a) ), while it disappears in the spectrum of the rust on iron coupons packed with LLDPE and CL-15 bags (Fig. 5(b), (c) ). The results show that LLDPE matrix also have the function delaying Cl À permeation just like anticorrosive paint 12) and coated polyaniline. 13) Although Cl À did not permeate through the LLDPE film after 168 h salt spray test duration, the permeated O 2 and H 2 O still eroded iron coupon obviously as shown in Fig. 4(c) . In order to inhibit corrosion, it is necessary to stop the cathodic reaction by stopping the permeation of either O 2 or H 2 O. The results of salt spray test show that the introduction of the nano-Cu particles into LLDPE has significantly improved the anticorrosion properties of this polymer. And the anticorrosion mechanism of nano-Cu particles in LLDPE matrix is studied by XRD analyze. Figure 6 shows the XRD patterns of CL-15 film before and after salt spray test. The peaks in Fig. 6(a) correspond to LLDPE and Cu, respectively. After salt spray test, new peaks corresponding to Cu 2 O appear in the XRD patterns of CL-15 film (Fig. 6(b), (c) ). The appearance of Cu 2 O is due to the fact that O 2 and H 2 O can permeate into LLDPE matrix and corrode nano-Cu. Unlike bulk copper, 14) the corrosion product of nano-Cu in CL-15 film is Cu 2 O. Cu nanoparticles may undergo the following reactions in testing box:
As evident in Fig. 6(b) , (c), (d), the characteristic diffraction peak intensity of Cu 2 O varies with the depth of abrasion, indicating different content of Cu 2 O in different depth of abrasion. Figure 7 displays a trend that the relative intensity of Cu 2 O gradually reduced with the increasing of depth of abrasion. When the depth of abrasion reached about 0.07 mm, Cu 2 O phase was hardly detected by XRD. As can be seen from eqs. (5), (6), (7) 16) which is prone to the permeation of O 2 . In our study, the introduction of 15 mass% nano-Cu into LLDPE has remarkably improved anticorrosion properties of the nanocomposite.
Mechanical properties of Cu/LLDPE nanocomposites
The results of the mechanical properties of the prepared nanocomposites with various nano-Cu contents are listed in Table 1 . Compared with LLDPE, the introduction of a small amount of nano-Cu into LLDPE matrix has improved the tensile strength and elongation at break of the polymer. When 5 mass% filler content is chosen, the tensile strength and elongation at break of CL-5 have reached 21.37 MPa and 313%, respectively. The presence of compatilizer in Cu/ LLDPE nanocomposites has enhanced the interfacial adhesion between the nano-Cu particles and the matrix, 17, 18) leading to an enhanced tensile strength and elongation at break of Cu/LLDPE nanocomposites with 5 mass% nano-Cu loading. When the nano-Cu particles' loading is more than 5 mass%, the dispersion of the nano-Cu in matrix becomes worse with the increasing of the nano-Cu particles' loading, resulting in the decreases of tensile strength and elongation at break of the composites. In addition, another influencing factor is that the incorporation of nano-Cu particles decreases the effective loading area of the composites.
19) The influences of the nano-Cu particles' loading on tear strength are also presented in Table 1 . When the nano-Cu particles' loading is no more than 15 mass%, the nano-Cu particles' loading has a slight effect on the tear strength of Cu/LLDPE nanocomposites. The tear strength sharply decreases until the nano-Cu particles' loading reaches around 30 mass%, which may be due to the poor dispersion of nano-Cu in the matrix.
Thermal stability of Cu/LLDPE nanocomposites
The TG curves of LLDPE, CL-5, CL-15 and CL-30 are shown in Fig. 8 . Evidently, the onset of the thermal decomposition of those composites shifts significantly toward the higher temperature range than that of pure LLDPE, which shows the enhancement of thermal stability of those nanocomposites. 20) The thermal degradation temperatures corresponding to a mass loss of 10% (T À10% ) and 50% (T À50% ), respectively, are listed in Table 2 . It can be seen that the prepared nanocomposites exhibit higher T À10% , T À50% and lower Mass loss (250-400 C) value than that of pure LLDPE, indicating improved thermal stability. The thermal decomposition temperature of the nanocomposites increases sharply with the increasing of the content of the nano-Cu when the amount of the nano-Cu is less than 5 mass%, and the thermal decomposition temperature of the nanocomposites reaches its peak while the amount of the nano-Cu is about 5 mass%. Compared with the pure LLDPE, a maximum increment of 22.9 C (T À10% ) is obtained in this experiment. After reaching its peak, the thermal decomposition temperature of the nanocomposites decreases slowly with the increasing of the content of the nano-Cu. When the content of nano-Cu is lower than 5 mass%, the incorporation of the nano-Cu has the similar influences to the incorporation of the nonmetal nanoparticles on the thermal stability of the polymerbase 21, 22) and both of them can retard the diffusion of volatile decomposition products and improve the thermal stability of the polymer-base nanocomposites. When the amount of the nano-Cu is larger than 5 mass%, the dominant factor that influence the thermal decomposition temperature of the Cu/LLDPE nanocomposites is becoming to be the effect of the interface between the nano-Cu particles and the LLDPE matrix. Although the aggregation of the copper nanoparticles is getting much more serious while the content of the copper nanoparticles increases, the interface between the copper nanoparticles and the LLDPE matrix increases sharply. And the thermal degradation of the Cu/LLDPE nanocomposities needs less energy due to the large interface and the huge surface energy of the copper nanoparticles, resulting in the decreasing of the thermal decomposition temperature of the nanocomposities with the increasing of the content of the nano-Cu particles.
3.5 Antibacterial properties evaluation of Cu/LLDPE nanocomposites Figure 9 depicts the photos of bacterial colonies and antibacterial rate of Cu/LLDPE with different filler content. It can be seen from Fig. 9(b) that the CL-5 sample has a certain antibacterial effect and the bactericidal rate is 76%. It is observed that the bactericidal ability increases with nano-Cu content effectively. In Fig. 9(c) , a bactericidal rate around 98% is achieved for 15 mass% nano-Cu loading. In this study, the Cu/LLDPE nanocomposite with 30 mass% nano-Cu has an excellent antibacterial rate ( Fig. 9(d) ). The bactericidal effect of Cu/LLDPE thin film is caused by the release of Cu ions when the nanocomposites contacting with water. Many assumptions have been proposed to explain the effects of elements such as copper, silver, etc. on the antibacterial properties. For instance, Knill et al. have proposed that the bacteria cell wall carries negative charges and positively charged copper may absorb on the cell wall and react with the cell wall. Thus the cell wall will be damaged or the function of enzymes will be altered. The activity of the bacteria may be confined and finally the bacteria succumb. 23, 24) From this viewpoint, nanocomposites with high content of nano-Cu will release more Cu ions in aqueous solution, leading to an enhanced antibacterial effect.
Conclusion
Corrosion, which has been considered as the most destructive way for metal and metal products, needs to be avoided to prevent property loss. But in this article, we just used the way of ''metal corrosion'' to prevent ''metal corrosion''. High active nano-Cu was used to fill LLDPE, and accelerated the self-corrosion in salt spray test by reacting with permeated oxygen, so as to protect packaged products from corrosion. Meanwhile, the presence of a small amount of nano-Cu (no more than 5 mass%) could enhance the mechanical properties and thermal stability of the nanocomposites. Excessive nano-Cu particles would cause performance degradation due to the reduced dispersion of nano-Cu particles in the matrix and the interface effect of the nano-Cu particles. The bactericidal properties evaluation showed that the bactericidal ability of Cu/LLDPE nanocomposites increased with nano-Cu content remarkably. The conclusion could be provided to the investigators and manufacturers of anticorrosion packaging film for reference.
